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Active-matrix liquid crystal displays ~AMLCDs! are light-modulating devices that generate images
by differentially transmitting a nearly uniform luminous field provided by a backlight. While emis-
sive displays exhibit a quasi-Lambertian emission with almost constant contrast at off-normal
viewing, the anisotropy of the electro-optic effect that controls light transmission in AMLCDs
causes a pixel luminance that varies, sometimes strongly, with viewing angle. These variations are
not identical for all gray levels and can eventually cause grayscale inversions. In this paper, we
measured the luminance emission of a monochrome medical AMLCD, a medical cathode-ray tube
monitor, and a color desktop AMLCD, using a collimated photopic probe positioned on a manual
rotation arm, and a research radiometer with automatic readout. The probe measures luminance
with a small acceptance angle and provides optical shielding from emissions at other viewing
directions that contaminate the readings. We obtained luminance response curves versus angle in
the vertical, horizontal and at 45° diagonal directions. The display systems were calibrated to reflect
the DICOM Part 3.14 standard grayscale display function ~GDF! when measured using the manu-
facturer’s probe and software tools. We analyzed the measurements at different viewing directions
with respect to their departure from the GDF by computing the normalized contrast (DL/L) as a
function of the DICOM just-noticeable difference index. Although cathode-ray tubes are known to
be quasi-Lambertian emitters, the luminance at normal viewing is higher than the luminance ob-
served at large angles. This decrease in luminance is however proportionally similar for all gray
levels, resulting in a relatively flat contrast response for all angles. In addition to being more
pronounced, the angular variation in AMLCDs does not follow the same profile at different inten-
sities with the subsequent variation in the achieved display contrast. The changes due to off-normal
viewing are substantial at large angles in the horizontal and vertical directions, and much worse in
the diagonal viewing directions. © 2003 American Association of Physicists in Medicine.
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angleI. INTRODUCTION
Digital imaging systems used in radiology rely on electronic
display devices to present images to human observers. For
available devices, the electronic display of digital radio-
graphs entails some degradation of image quality as com-
pared to the quality of a trans-illuminated film on a view-
box. However, we know that the detection and classification
of subtle abnormal conditions in trans-illuminated radio-
graphs is limited by the performance of the human visual
system. Flynn et al.1 recognized that fact, and defined the
performance of a high fidelity display that matches the capa-
bilities of human vision. It was also shown in Ref. 1 that
current electronic displays do not provide the quality re-
quired for a high fidelity presentation of digital radiographic2602 Med. Phys. 30 10, October 2003 0094-2405Õ2003Õ30images, due to a number of reasons that include insufficient
spatial resolution, veiling glare, and excessive reflections.
An important characteristic of a display device is the an-
gular luminance distribution. Some applications, such as
electronic cashier consoles and back-seat entertainment
monitors for airplanes, benefit from a narrow angular lumi-
nance to prevent spectators from visualizing the information
presented to the primary viewer. In radiology, however, com-
mon situations involve collective viewing of a diagnostic
image by several persons. Examples of this include a group
of radiology residents or two specialists discussing a specific
case that is displayed on a workstation monitor.
Ideally, the luminance of a display device should not vary
as a function of the viewing angle. This occurs for devices
where the emission of visible light ~i.e., the luminous inten-260210Õ2602Õ12Õ$20.00 © 2003 Am. Assoc. Phys. Med.
2603 Badano et al.: Medical monochrome liquid crystal displays 2603sity in lumens/sr! from the display surface varies with the
cosine of the angle from the surface normal vector, I(u)
5I0 cos u, where I0 is the intensity at u50. Since luminance
is proportional to the light emitted per unit surface area pro-
jected along a particular direction given by A0 cos u, the lu-
minance is equal to I0 /A0 and independent of u. Light emit-
ting surfaces of this type are referred to as having a
Lambertian emission since the emission follows Lambert’s
cosine law.
The angular luminance distribution of cathode-ray tubes
~CRTs! is quasi-Lambertian.2 In CRTs, light patterns are gen-
erated by the raster scan of a high-energy electron beam. The
electron energy is converted to light photons in a cathodolu-
minescent phosphor within the CRT emissive structure. The
angular distribution of light emitted by cathodoluminescence
can be considered to be isotropic. Then, before exiting
through the faceplate, photons undergo a large number of
scattering events in the granular phosphor layer, at the Al
reflective backing film, and within the thick glass faceplate.
In the presence of a reflective surface on one side, this light
scattering process ~that originated with an isotropic emission
within the phosphor!, results in a Lambertian-like angular
emission. Similar angular emission profiles have been docu-
mented for other light-emitting display technologies with
analogous emissive structures where isotropic light is gener-
ated in a thin-film layer sandwiched between a reflective
backing and a front transparent faceplate.3 Light absorption
in the glass faceplate introduced to reduce veiling glare and
control ambient reflections can cause some degree of depar-
ture from the Lambertian profile, especially at large viewing
angles due to longer paths through the absorptive faceplate.
In the case of liquid crystal displays ~LCDs!, the manner
in which light patterns are generated establishes an angular
emission that is far from Lambertian. In LCDs, images are
formed by modulating the transmittance of a uniform back-
light through a liquid crystal cell. The electro-optic effect
responsible for the modulation of the light intensity takes
place in a few microns of liquid crystal material sandwiched
between substrates, and in polarization films, alignment lay-
ers, and other optical coatings and layers. The voltage ap-
plied across the LC material controls the light transmission
through the LC cell ~i.e., the pixel luminance! by determin-
ing the spatial configuration of the LC molecular arrange-
ment. Light is polarized by a first filter and, as it passes
through the LC layer, experiences a twist in its polarization
direction. A second polarizer in the front substrate selectively
transmits light with the modified polarization state. The pixel
luminance is affected by two factors: ~a! by the path length
across the cell, and ~b! by the relative orientation of the light
photon polarization direction and the liquid crystal mol-
ecules. Both of these factors vary in a complex manner for
paths traversing the LC cell at different angles with respect
to the display normal ~see Fig. 1!.
The design of LCD structures is typically optimized for
normal viewing with contrast changes occurring at off-
normal viewing directions. During the last 10 years, signifi-
cant improvements have been made to devise LCD structures
with improved viewing angle performance, i.e., where theMedical Physics, Vol. 30, No. 10, October 2003image quality observed normally to the display surface nor-
mal is maintained at off-normal viewing directions over a
wider cone. The most commonly employed design concepts
used to achieve a wider angular emission are multiple
domains,4–9 modified LC configurations ~including in-plane
switching10,11 and vertically aligned molecules12! and com-
pensation films.13,14 Devices with good viewing angle perfor-
mance often have a combination of these features in their LC
structures.
In this paper, we report the luminance response ~lumi-
nance output versus the display controller gray level! at vary-
ing viewing angles for a medical monochrome active-matrix
LCD ~AMLCD! monitor marketed for digital radiology ap-
plications. We compare the results obtained for the medical
AMLCD to the response obtained for a medical mono-
chrome CRT, and for a desktop color AMLCD monitor. Lu-
minance measurements were made using two different meth-
ods. The first method used a manual rotation arm and a
collimated photopic probe. The second method used Fourier
optics and a CCD camera to map the recorded luminance to
angular intensity values. Our luminance measurements are
described in terms of changes in the grayscale display func-
tion ~GDF!. In addition, we present the same data expressed
as normalized contrast per just-noticeable-difference ~JND!
interval, as a more sensitive metric to study the departure
from the desired GDF.
II. METHODS
In this paper, we investigate the viewing angle character-
istics of three display systems. The first is the C3 from PLA-
NAR Systems, Inc. ~Beaverton, OR!, a medical monochrome
AMLCD monitor with 3 million (153632048) pixels having
a dual-domain, in-plane switching design. The monitor was
attached by a digital video interface to a MD5 driver board
~also from PLANAR Systems. The screen size is 528.3 mm
in diagonal (485.9 mm3381 mm). Although flat-panel was
originally designed for full-color applications,15 this particu-
lar product has no color filters ~color in AMLCDs is
achieved by selective filtering of the broad spectrum emitted
by the backlight!. This implies that in the monochrome ver-
sion, each pixel consists of three sub-pixel regions associated
FIG. 1. Due to the anisotropic electro-optic effect that these two light paths
experience, the luminance outputs L1 and L2 are not equal, even though they
come from the same pixel. The resulting emission from the AMLCD is far
from Lambertian.
2604 Badano et al.: Medical monochrome liquid crystal displays 2604with the red, green, and blue color pixels. The removal of the
color filters leads to an achievable maximum luminance for
the monochrome version of about twice the maximum lumi-
nance of the equivalent color monitor for the same backlight
configuration. The second system is a 5 million (2048
32560) pixel monochrome CRT in portrait mode with P45
phosphor driven by a 5MP board ~BARCO Medical Dis-
plays, Duluth, GA!. The viewable area of the CRT display is
481 mm3377 mm. Finally, the third display system mea-
sured in this study is a 1.3 million (128031024) pixel
active-matrix liquid crystal color monitor for desktop appli-
cations ~SAMSUNG SyncMaster TFT800! with a display
area of 359.0 mm3287.2 mm and a pixel pitch of 0.281 mm,
driven by a MATROX Millennium G400 video board.
All the display systems used in this study were calibrated
to DICOM 3.14 GDF via software and a measuring probe
used in proximity to the display faceplate. The medical AM-
LCD was calibrated using DOME’s TQA software, while the
monochrome CRT and color AMLCD were calibrated using
the VERILUM software ~IMAGESMITHS Inc., Gaithers-
burg, MD!. The medical CRT was calibrated with a lumi-
nance range of 600, from a minimum luminance of 0.2 cd/m2
to a maximum of 120 cd/m2. The medical AMLCD system
was calibrated in three alternative regimes: an extended lu-
minance range of 800 from 1.0 to 800 cd/m2, and two re-
gimes with a reduced luminance range of 200. For the re-
duced luminance range, we used minimum luminance values
of 2 and 4 cd/m2, with the corresponding maximum lumi-
nance of 400 and 800 cd/m2. The color AMLCD was cali-
brated within a narrower range, from 0.5 to 100 cd/m2.
We measured the angular luminance profiles using two
different methods. The first method used small-spot lumi-
nance measurements made with a conic collimated photopic
probe positioned with a manual rotation arm ~see Fig. 2!. The
conic probe measures luminance with a small field-of-view
FIG. 2. Experimental setup to measure luminance as a function of the view-
ing direction. The rotation arm and collimated probe allow one to measure
luminance coming from a small spot in the screen along an arc, maintaining
the same distance between the probe and the spot at all angles.Medical Physics, Vol. 30, No. 10, October 2003and provides optical shielding from emissions at other view-
ing directions that can contaminate the readings.16 This is
especially critical at large off-normal angles where the lumi-
nance measurement would be corrupted by light coming
from regions of the display that are closer to the probe ~far
away from the desired measurement spot!, representing a
completely different viewing direction with respect to the
one intended. The probe was connected to a research radi-
ometer with a serial line computer interface that allowed
measured luminance to be recorded by a software application
that displays one of the 256 gray levels in a square target
~10% area of the full field! with a constant background ~20%
of the maximum luminance!. Eighteen consecutive lumi-
nance measurements were acquired for test regions at gray
levels varying from 0 to 255 in steps of 15. Each measured
luminance value was obtained by averaging 10 observations
made with a 0.5 s integration time. Angular emission distri-
bution profiles were acquired for the vertical and horizontal
directions, and for 45° diagonal directions. The results were
analyzed with respect to their departure from the DICOM
Part 3.14 GDF17 by computing the normalized contrast as a
function of the JND index and plotting the experimental re-
sults along with the expected response with 10% and 25%
tolerance limits ~see Fig. 3!. We chose to include the curves
corresponding to these tolerance limits because they are be-
ing considered by the AAPM Task Group number 1818 as
recommended values for the acceptance testing and clinical
quality control of medical display devices.
The expected response was computed from the luminance
values associated with the DICOM Standard Display Func-
tion, page 16, Annex B ~Ref. 17!. The contrast metric
(DL/L) was calculated for both the expected and the mea-
sured response as the corresponding slope, i.e., Dlog (L)/D
JND, where D indicates the difference between two consecu-
tive data points.
The second method relies on Fourier optics to map lumi-
FIG. 3. Example of the normalized contrast (DL/L) representation of the
angular data as a function of the JND index. The squares represent the
experimentally measured data points. The solid line depicts the expected
response for a DICOM-compliant system. The dashed ~dotted! lines indicate
the 10% ~25%! tolerance limits.
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We used a commercial system ~EZContrast 160D! mounted
on a motorized stage ~EZMotion!, manufactured by ELDIM
FIG. 4. Schematic of the Fourier optics method for measuring angular lumi-
nance distributions. The luminous intensity I(0) is mapped onto the imaging
sensor at the center of the array, while the off-normal intensity I(f) hits the
sensor at a location away from the center.
FIG. 5. Viewing angle characteristics of the medical CRT. ~a! The luminance
output as a function of gray level is plotted for selected off-normal angles.
The same data are presented in ~b!, analyzed in terms of contrast per JND
index. See Fig. 3 for details on this representation.Medical Physics, Vol. 30, No. 10, October 2003~He´rouville St. Clair, France!. This method utilizes a Fourier
lens and a cooled CCD sensor. The lens provides a Fourier
transform image of the display surface emission. Every light
beam emitted from the display test area with an angle f ~see
Fig. 4! is focused on the focal plane at a relative position
with respect to the center of the test area that depends only
on f. There exists a one-to-one correspondence between a
direction of emission ~or viewing direction!, and the intensity
at specific spatial locations in the imaging sensor. An optical
relay system scales the Fourier transform image at the mea-
sured surface on the CCD sensor. The viewing angle map is
obtained by processing the acquired image with appropriate
calibration functions provided by the manufacturer. Since all
of the angular information is obtained by a single imaging
sensor through the Fourier lens, no rotation of the measuring
device or display unit is required. Although the diagram
shown in Fig. 4 is two dimensional, the instrument can mea-
sure angular luminance in the entire hemisphere ~up to 80°
from the display surface normal!. Measurements were per-
formed at different gray levels using large centered targets
and a measuring spot size of 2 mm. We used 0.5° angular
steps for both polar and azimuth angles. Iso-luminance and
iso-contrast plots were obtained for each measured gray
level.
Another useful way to analyze angular emission profiles
of display devices is to calculate a factor that correlates with
the magnitude of the departure from an ideal Lambertian
emission. In this paper, we introduce the luminance reduc-
tion factor L f . The factor is calculated for each viewing
angle as follows:
L f~f!5L~f!/L~0 !,
where L(f) is the luminance measured at an angle f from
the display surface normal along a specific orientation ~hori-
zontal, vertical, diagonal!, and L(0) is the luminance at f
50°. A factor equal to one for all angles represents a display
TABLE I. Luminance reduction factor L f(f) for the medical CRT and AM-
LCD calculated from the luminance measurements (L) at different viewing
angles.
Display device Gray level
L f(f) L (cd/m2)
30° 45° 0° 30° 45°
CRT 15 0.90 0.90 0.80 0.72 0.65
135 0.91 0.88 34.8 31.6 27.8
255 0.91 0.88 283 257 226
AMLCD 15 0.94 0.91 2.53 2.38 2.16
~horizontal! 135 0.86 0.79 84.5 72.9 57.8
255 0.81 0.74 821 668 496
AMLCD 15 1.40 1.06 2.53 3.53 3.73
~vertical! 135 0.77 0.69 81.6 62.8 43.3
255 0.76 0.67 801 612 413
AMLCD 15 2.71 2.13 2.55 6.91 14.7
~diagonal 1! 135 0.87 0.78 84.2 72.9 56.7
255 0.78 0.60 812 634 379
AMLCD 15 1.92 2.56 2.52 4.83 12.4
~diagonal 2! 135 0.85 0.77 83.1 70.6 54.6
255 0.79 0.61 803 634 385
2606 Badano et al.: Medical monochrome liquid crystal displays 2606FIG. 6. Angular luminance profiles for the medical AMLCD in the extended luminance range regime. The four plots show the luminance output as a function
of gray level for selected off-normal angles in the horizontal ~a!, vertical ~b!, and diagonal ~c! and ~d! directions.emission with constant luminance, typical of Lambertian sur-
faces. Values of L f greater than one depict emissions where
the luminance increases with off-normal angle, while L f val-
ues smaller than one are representative of forward-peaked
emissions.
All measurements, with the exception of those taken with
the Fourier system, were done in a display laboratory with
absorptive flat black walls and black ceiling and floor, to
reduce any contamination of the measurements by light re-
flection. The measurements with the Fourier optics method
were done in a room with controlled illumination.
III. RESULTS
Figure 5 shows the angular luminance and contrast re-
sponse of the CRT monitor. Figure 5~a! confirms that the
CRT emission resembles a Lambertian profile. The values of
L f obtained for the CRT are presented in Table I. In the case
of the CRT, the L f values for the angles considered in this
calculation (30° and 45°) are on the order of 0.90. Due to
the isotropic character of the angular luminance distribution,
we show data only for the horizontal direction. Although
there is a change in overall magnitude of the luminance re-
sponse, the contrast response demonstrates almost no change
with off-normal angle.Medical Physics, Vol. 30, No. 10, October 2003In Figs. 6 and 7, we present the data for the medical
monochrome AMLCD operated over the full luminance
range. The results are plotted separately for the horizontal,
the vertical, and the two diagonal directions ~from bottom-
left to top-right and from bottom-right to top-left!. The lumi-
nance response of the monochrome AMLCD changes varies
with viewing angle notably in the low luminance range, es-
pecially in the diagonal directions. The minimum measured
luminance increases by a factor of about 10 when the view-
ing direction moves along the oblique axes. The values of L f
obtained for the medical monochrome AMLCD are pre-
sented in Table I for comparison with the CRT data. The
values of the luminance reduction factor, indicative of how
the system behaves in comparison with a Lambertian emitter,
show a consistent trend of larger departures at low gray lev-
els ~15 in Table I!, and at diagonal directions. In the case of
the medical monochrome AMLCD, the L f values vary sig-
nificantly with angle and orientation. The maximum depar-
ture from Lambertian, indicated by the maximum L f occurs
at the gray level of 15 at 30° along the diagonal orientation 1
~corresponding to the direction from bottom-left to top-right!
with a L f value equal to 2.71. The departure from Lamber-
tian is seen also at high luminance ~high gray level! where L f
2607 Badano et al.: Medical monochrome liquid crystal displays 2607FIG. 7. The same data presented in Fig. 6, analyzed in terms of normalized contrast per JND. Also, ~a! represents data along the horizontal direction, ~b! along
the vertical, and ~c! and ~d! along the diagonal directions.values as small as 0.60 were obtained ~for the diagonal 1 at
45°).
In addition, we observe that the slope of the curve in Fig.
6, which is associated with image contrast, is significantly
reduced in the low luminance region. This is confirmed by
analyzing the contrast response plots in Fig. 7. The available
contrast per JND decreases rapidly when the observer moves
along the diagonal directions. Even at a relatively small
angle of 30°, the contrast response in the low luminance
region falls outside of the 25% tolerance limits.
Figures 8 and 9 show the results for the medical AMLCD,
using a reduced luminance range of 200. In this case, we
observe that the deviation from the normal measurements is
more severe for the system calibrated at low luminance
(2 – 400 cd/m2) than for the system with calibration at higher
luminance (4 – 800 cd/m2).
All results presented up to this point were measured with
the collimated probe and rotation arm. Figure 10 shows iso-
luminance plots of the display luminance in the white ~a! and
black ~b! states measured with the Fourier optics method. We
can see that the AMLCD maximum luminance exhibits cir-
cular symmetry. It decreases at off-normal viewing angles,
but remains about 200 cd/m2, or 35% of the luminance in the
normal direction at an angle of 75°. In the black state, the
luminance changes are relatively small along the horizontalMedical Physics, Vol. 30, No. 10, October 2003and vertical directions, but there is a severe increase of the
black luminance along the display diagonals, as expected for
an AMLCD based on in-plane switching technology.20 For
an off-normal angle of 75°, the AMLCD minimum lumi-
nance increases from about 1.5 cd/m2 to more than 10 cd/m2
along the diagonals. Consequently, the AMLCD contrast ra-
tio is more severely degraded along the diagonals than in the
horizontal and vertical directions, as seen in Fig. 10~c!.
The results obtained using the Fourier optics method are
in good agreement with the results from the rotating probe
measurement method, as demonstrated in Fig. 11. The two
methods resulted in practically the same results for gray lev-
els greater than 60. For small gray levels, the results obtained
with the collimated probe are about 5% higher than those
obtained with the Fourier optics system.
Finally, Figs. 12 and 13 show the luminance and contrast
response for the color desktop AMLCD. Note that because of
the limitations in the flat-panel and driver boards, the lumi-
nance response spans only 400 JNDs at normal viewing. It
remains useful for us to compare the performance of this
display system with the performance of the monochrome
AMLCD. We observe that the contrast at low luminance in-
creases with viewing angle. On the other hand, the contrast
at high JNDs is smaller at off-normal angles than for the
normal viewing direction. This behavior is opposite to what
2608 Badano et al.: Medical monochrome liquid crystal displays 2608FIG. 8. Angular luminance profiles for the medical AMLCD in the reduced luminance range regime. The six plots show the luminance output as a function
of gray level for selected off-normal angles in the horizontal @~a! and ~b!#, vertical @~c! and ~d!#, and diagonal @~e! and ~f!# directions. The two columns
correspond to the two luminance levels utilized for the reduced luminance range of 200. The column on the left represents a condition of minimum luminance
equal to 2 cd/m2, while the right column represent a system calibrated with a minimum luminance of 4 cd/m2.we observed for the monochrome AMLCD where the con-
trast typically increased at high luminance and decreased at
low luminance for off-normal viewing directions.
IV. DISCUSSION
Our results show that the most significant changes in lu-
minance and contrast as a function of viewing angle for the
monochrome AMLCD ~increased luminance and reducedMedical Physics, Vol. 30, No. 10, October 2003contrast! occur in the low luminance region. The data also
demonstrate that for the color AMLCD, the deviation from
the expected GDF occurs at both ends of the luminance
scale. This suggests that for a particular LCD technology, an
appropriate selection of the luminance range over which the
device operates might result in improved angular response.
We note that the choice of luminance range is also limited by
the absolute value of the minimum luminance, which de-
2609 Badano et al.: Medical monochrome liquid crystal displays 2609FIG. 9. The same data presented in Fig. 8, analyzed in terms of normalized contrast per JND. Again, the two columns correspond to the two luminance levels
utilized for the reduced luminance range of 200. The column on the left represents a condition of minimum luminance equal to 2 cd/m2, while the right
column represents a system calibrated with a minimum luminance of 4 cd/m2. ~see inserted text for details!.pends on the ambient illumination of the room where the
displays will be used, and of the achievable maximum lumi-
nance for the specific monitor.
The results presented in Table I show clearly that the CRT
luminance emission resembles the ideal Lambertian profile
since the luminance reduction factor L f is between 0.88 andMedical Physics, Vol. 30, No. 10, October 20030.91. Moreover, the results in Table I show that AMLCD
emissions are far from Lambertian, with L f as large as 2.71
and as small as 0.60 for the angles and directions considered.
The calibration of a non-Lambertian display device de-
pends on the acceptance angle of the luminance probe used
to capture the luminance response across the grayscale. In
2610 Badano et al.: Medical monochrome liquid crystal displays 2610FIG. 10. Polar representation of the angular luminance results measured with the Fourier optics system for the medical AMLCD in the extended luminance
range regime. Plots ~a! and ~b! represent the variation in luminance for the minimum and maximum luminance level, respectively. The ratio of plot ~a! and
~b! yields a contrast ratio metric, shown in ~c!.this work, the grayscale calibration was done with the detec-
tor normally used for medical CRTs. The measurement of
angular luminance was done with the collimated probe
which has an acceptance angle of 1.5°, which might not
correspond to the acceptance angle of the probe used for
calibration. However, the dissimilar acceptance angles of the
probes do not have any impact on the variation of luminance
and contrast investigated in this study. Our goal is to measure
the departure from the desired GDF achieved through a typi-
cal calibration procedure. The precision and accuracy of the
display system to represent a given GDF for a given calibra-
tion technique is beyond the scope of this paper.
The two methods employed in this work to measure an-
gular luminance curves are overall consistent in their results
~see Fig. 11!. The small discrepancies between the two meth-
ods are seen in all three angular directions represented in Fig.
11 in the low luminance region, suggesting that the bias inMedical Physics, Vol. 30, No. 10, October 2003measured luminance is independent of the viewing angle. A
possible explanation of why the two methods do not provide
consistent low luminance measurements can be that lumi-
nance measurements of non-Lambertian surfaces are sensi-
tive to the acceptance angle of the luminance meter device.
The acceptance angles of the two methods used in this work
are not equal. On one hand, the collimated probe has a well-
defined acceptance angle of 1.5°. On the other hand, the
acceptance angle of the Fourier optics method cannot be
clearly defined since it is affected by the lens flare,21 and by
optical scattering processes within the optical relay system.
The acceptance angle for the Fourier system has not been
measured during this work.
The clinical importance of our findings has not yet been
reported and is not well understood. However, it is clear that
the changes that occur at different viewing directions affect
the visibility of lesions. Consider the case of a single user of
2611 Badano et al.: Medical monochrome liquid crystal displays 2611the display device that will experience its effect when look-
ing at different areas in the display screen, depending on the
dimension of the screen surface ~which can reach more than
30 cm in one of the sides!. In this scenario, the more severe
FIG. 11. Comparison of results from the two methods used to measure
viewing angle in this paper. The data points correspond to measurements
carried out with the collimated probe and rotating arm, while the continuous
lines represent the data obtained with the Fourier optics system. For com-
parison, the results from the two methods are normalized to have the same
luminance value for the maximum gray level in the normal direction.Medical Physics, Vol. 30, No. 10, October 2003changes in luminance and contrast associated with viewing
angle are likely to happen at the corners of the screen. Alter-
natively, when two or more individuals are reading the same
image displayed in the same screen, the departure from the
on-axis calibration will be larger than in the previous case
because larger angles are involved. This also applies to
multi-monitor workstations that can have up to ten AMLCDs
in a tiled arrangement.
Another aspect of these changes that adds complexity to
the problem is that the changes affect the signal to be de-
tected, as well as the background noise and anatomical struc-
tures present in the region of interest. For example, the re-
duction in contrast in low luminance regions described in
this work for the medical AMLCD might result in a reduc-
tion in the contrast of a pulmonary nodule, but at the same
time, the structural noise will be displayed with less contrast.
Therefore, the net effect of this contrast reduction due to
viewing angle is not obvious, and requires further investiga-
tion including psychophysics experiments with human and
mathematical observers.22
V. CONCLUSIONS
We show that the emission from AMLCDs is far from
Lambertian causing a reduction in image contrast at low lu-FIG. 12. Angular luminance profiles for the color AMLCD. The three plots show the luminance output as a function of gray level for selected off-normal
angles in the horizontal ~a!, vertical ~b!, and diagonal ~c! directions.
2612 Badano et al.: Medical monochrome liquid crystal displays 2612FIG. 13. The same data presented in Fig. 12, presented in terms of normalized contrast per JND, in the horizontal ~a!, vertical ~b!, and diagonal ~c! directions.minance levels, and a reduction of the available luminance
range. We show also that this departure from the desired
GDF is not observed in CRTs. For the monochrome AMLCD
display, we find that the viewing angle characteristics in the
horizontal direction are better than those along the vertical
direction, and that the contrast response is worse along the
diagonal directions. We conclude also from our analysis that
the changes in luminance and therefore in contrast are most
important in areas of low luminance. Particularly, we show
that the minimum luminance of the monochrome AMLCD
changes by a factor of 10 when viewing the display from the
diagonal viewing directions. Finally, we show that color AM-
LCDs for desktop applications with a more modest lumi-
nance range can exhibit a relatively better angular response.
Understanding of how display luminance and contrast are
affected by the observer’s viewing direction permits the in-
vestigation of the effect that viewing angle performance of
display devices has on diagnostically relevant visual tasks.
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